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Abstract 
The cutting of bevel gears on universal 5-axis milling machines represents a promising solution to replace the conventional 
cutting process. The process is highly flexible and does not require neither special gear generating machines nor special tools. 
Thus, it is particularly suitable for small batches, prototypes or to obtain a specific and unique product.  In this way, we have 
focused on the machining of a large-sized spiral bevel gear, from the initial design to the final machining. A gear will be 
machined using different milling paths and scallop heights. Each of the different strategies will be applied in consecutive teeth, 
and afterwards these teeth will be analyzed to check some of the gear quality parameters (roughness, profile angle variation, 
single pitch error...) with the final goal of finding the optimal cutting strategy. As finishing tool, an air turbine finishing tool was 
evaluated as an alternative technology apart from the typical tapered ball end mill. 
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1. Introduction 
Large-sized spiral bevel gears are often used, among others applications, for helicopter power transmission, 
thermal power generation applications, ship propulsion units and wind turbines.  
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Spiral bevel gears are usually generated by a continuous-cutting procedure using special gear generating 
machines [1], categorized according to the method of manufacture. These different methods are: 1. Generation by 
hobbing in part with cutter head (Gleason´s gearing); 2. Generation by continuous spiral hobbing with cutter head 
(Cyclo-Palloid System of Klingelnberg and Oerlikon System) and 3. Generation by continuous spiral hobbing with 
conical or cylindrical hob (Palloid System of Klingelnberg), Fig. 1. 
 
 
 
 
 
 
 
Fig.1. (a) Gleason´s gearing; (b) Cyclo-Palloid System of Klingelnberg and Oerlikon; (c) Palloid System of Klingelnberg 
 
The improvement of multi-axis control systems, 5-axis milling/multi-tasking machines and CAD/CAM systems, 
provide the appropriate media to generate these complicated elements in general purpose machines, even with 
standard milling tools.   
Some advantages are derived from this idea, mainly the versatility, starting from an arbitrary modification of the 
tooth surface (tip relief, root relief, profile crowning...). This strategy is not limited to machining spiral bevel gears, 
but can be expanded to spur gears, helical gears, bevel gears, hypoid gears and herringbone gears. 
5-axis milling/multi-tasking machines (Fig. 2) provide the flexibility to use the best method satisfying customer 
needs, and are capable of providing better quality gears than the traditional methods in pre-heat operations [2]. 
 
Fig.2. (a) Ibarmia ZV25/U600; (b) Ibarmia ZVH38/L1600 Multiprocess 
In order to apply the milling process for bevel gear cutting, we should provide feasible solid models. However, 
the kinematic geometry of the bevel gears is relatively complicated in accordance with the variety of the existing 
cutting methods (Gleason, Kligelnberg, Oerlikon). It is also not easy to generate the 3-D geometry model proper for 
milling [3].  
There are a variety of commercial calculation software useful for generating the 3-D geometry model. Some of 
them, once the 3-D geometry is generated needs to be imported to CAM software. However, other software integrate 
design + CAM, but the price is often much higher. In our particular case, we opted for economic software to design 
the spiral bevel gear and then it was imported to CAM software, when different milling paths were studied. In this 
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software the user can select between Gleason and Klingelnberg methods (Fig. 3) to generate the tooth form. Pinion 
and gear are generating at the same time, because the bevel gears are always produced in pairs by the same process 
in order to achieve a good contact pattern in practice.  
 
     
 
 
 
 
 
 
 
 
Fig.3. (a) Gleason method; (b) Klingelnberg method 
At the CAD/CAM software, Siemens NX 9.0 in this case, different roughing, semi-finishing and finishing milling 
paths were programmed with the final goal of finding the optimal cutting strategy. Apart from using standard tools, 
with a greater number of suppliers and consequently a better price, a new technology will be evaluated, the air 
turbine. The air turbine, due to his constant high speed and torque, will allow to evaluate different finishing tools to 
obtain a greater tooth surface accuracy.  
2. Methodology and experimental procedure 
The case of study is a large-sized spiral bevel gear (Fig. 4), one of the more complex gear typologies. F1550 was 
used in test.  In Table 1 the design parameters of the large-sized spiral bevel gear are shown. 
 
Fig. 4. Large-sized spiral bevel gear 
     Table 1. Design parameters of the large-sized spiral bevel gear 
Spiral bevel Gearing Parameters 
Dp 200 mm 
De 207.6 mm 
Z 25 
Spiral Angle ( β) 35° 
Face Angle  59.5° 
Pressure Angle (α) 20° 
 
The spiral bevel machining has taken place in two different machines. The first was machined on a universal 5-
axis milling machine (Ibarmia ZV25/U600). The second one was machined on a multi-tasking machine (Ibarmia 
ZVH38/L1600 Multiprocess). On the 5-axis milling machine a special self-centering precision clamping system was 
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used, making it particularly suitable for working on 5-axis machining centres. On the other hand, because multi-
tasking machines can apply multiple cutting processes and use various tools, the user has flexibility to choose the 
cutting process based on quality and productivity requirements. The existence of a “vertical spindle lathe unit”, due 
to the circular geometry of this study case, simplifies the workpiece clamping because it is not necessary to use an 
external clamping system. It allows to make the spiral bevel gear from start to finish in one machine and in a single 
set-up, achieving: the reduction of the delivery time, a higher quality of the workpiece and reducing tool changes, 
idle times and occupied space [4]. 
Because of flexibility, the large-sized spiral bevel gear were machined with standard end mills for roughing 
operations and tapered ball end mills for semi-finishing and finishing operations. The use of standard tools present a 
series of advantages with respect to special tools, which are used on special generating machines. To have a greater 
number of suppliers reduces delivery times and increases the tool offer.  
Any kind of gear is only a succession of slots, all of them with the same shape. For this reason, with the final goal 
of improving the gear machining finding the optimal cutting strategy, different milling paths, tools and scallop 
heights will be evaluated during the machining process. Each of the different strategies will be applied in 
consecutive teeth in order to check the machine repeatability, parameter of great importance in this type of 
components.  
As the machining large-sized bevel gear has 25 teeth, 5 different cutting groups of milling operations were 
evaluated, with 5 teeth each of them. Table 2 shows the cutting operations carried out for each set of machining 
teeth, 5 different cutting strategies with the same tool typology were evaluated for roughing milling paths (Figure 5). 
After gear´s roughing with each of the different milling paths, results were evaluated. Parameters such as machining 
time and tool wear were taken into account.   
     Table 2. Different cutting operations for each set of machining teeth 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. (a) Different roughing milling paths evaluated; (b) Examples of roughing milling paths applied 
     On the other hand, some of the evaluated cutting groups of milling operations include semi-finishing 
machining paths. The aim is to check if the quality parameters of the final surface obtained were improved.  The 
used tool was a standard tapered ball end mill.  
     Finally, for the finishing of gear teeth a standard tapered ball end mills with two different diameters was used 
in order to check possible improvements in the machining process. Moreover, only one finishing milling path was 
evaluated but for different maximum scallop heights (Fig. 6) and different cut patterns (Zig and Zig Zag). Within the 
    
Set of machining teeth Cutting Operations 
1 (from 1 to 5 teeth) Roughing and finishing operations 
2 (from 6 to 10 teeth) Roughing and finishing operations 
3 (from 11 to 15 teeth) Roughing, semi-finishing and finishing operations 
4 (from 16 to 20 teeth) Roughing and finishing operations 
5 (from 20 to 25 teeth) Roughing, semi-finishing and finishing operations 
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CAM programme, the users have the option to select different levels of accuracy, but an improved quality leads to a 
higher machining time. 8 different maximum scallop heights were evaluated, from 0,5 to 0,002 mm, analysing each 
of the final levels of accuracy obtained.      
 
 
 
 
 
 
 
 
Fig.6. (a) Different maximum scallop height applied; (b) Different cutting patterns applied 
As finishing tool, apart from the typical ball mills, another technology was evaluated: the air turbine finishing 
tool (Fig. 7). The main reason for which this machining technology was studied is because is easily integrated on 
any CNC machine, and it could be an improvement for gear machining process. The air turbine technology, due to 
his constant high speed and torque, will allow to evaluate different finishing tools to obtain a greater tooth surface 
accuracy. Special finishing tools such as spherical CBN grinding stone and multi-edge finishing tool were used after 
previous semi-finishing machining made with a standard tapered ball end mill. Different tool diameters, finishing 
strategies and obtained surface were evaluated.  
 
 
 
 
 
 
 
 
 
Fig.7. Air turbine machining and special finishing tools 
3. Results 
With the sole purpose of evaluating which of the milling paths made the large spiral bevel gears manufacturing 
optimal on universal 5-axis milling machines, in this section the results obtained after machining both workpieces 
are shown.  
Regarding the results obtained, the Table 3 shows the machining time and the tool wear of each of the 5 roughing 
milling paths evaluated.  
     Table 3. Evaluation of the 5 different roughing milling paths 
N° Cutting Strategy Time per tooth (min.) Tool Wear 
1 
CAVITY MILL (3+1 axis) 
Follow Periphery 
5´11´´ 
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2 
VARIABLE CONTOUR (5 
axis) 
Streamline 
4´15´´ 
 
3 
VARIABLE CONTOUR (5 
axis) 
Streamline 
3´54´´ 
 
4 
VARIABLE CONTOUR (5 
axis) 
Surface Area + Streamline 
2´ 
 
5 
CAVITY MILL (3+1 axis) 
Trochoidal 
11´42´´ 
 
After the machining of the different finishing scallop heights, teeth will be analysed to check some of the gear 
quality parameters. With 3D Optical Surface Metrology System Leica DCM 3D (Fig. 8 a))   and a Taylor Hobson 
Form Taylorsurf profilometer-surface roughness tester (Fig. 8 b)), 3D surface topography and roughness parameters 
(Fig. 8 c)) were obtained for each of the gear teeth.       
 
Fig.8. (a) Leica DCM 3D; (b) Taylor Hobson Form Taylorsurf; (c) 3D surface topography and 2D roughness 
 
Table 4 shows the machining time, the different roughness parameters for each maximum scallop height and for 
each cut pattern and used machining tool. Below, some pictures of the machining process are listed chronologically.  
     Table 4. Evaluation of the different finishing milling paths 
N° Tooth Tool and Cut Pattern 
Scallop Height 
(mm) 
Time per 
tooth (min.) 
Roughness Parameters 
(µm) 
1 
1 
Ball Mill 
ø3mm 
 
Cut Pattern: Zig 
0,5 1´08´´ Ra= 38,7; Rz= 158 
2 0,25 1´11´´ Ra= 30; Rz= 133 
3 0,125 1´38´´ Ra= 17,5; Rz= 73,5 
4 0,0625 2´19´´ Ra= 8,29; Rz= 38,7 
5 0,0313 3´17´´ Ra= 5,54; Rz= 27,3 
2 6 Ball Mill 0,5 36´´ Ra= 49,2; Rz= 220 
a b c 
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7 ø3mm 
 
Cut Pattern: Zig Zag 
0,25 37´´ Ra= 28,5; Rz= 141 
8 0,125 49´´ Ra= 15,9; Rz= 73,7 
9 0,0625 1´07´´ Ra= 8,84; Rz= 42 
10 0,0313 1´36´´ Ra= 5,7; Rz= 26,7 
3 
11 
Ball Mill 
ø2mm 
 
Cut Pattern: Zig Zag 
0,0313 2´25´´ Ra= 4,68; Rz= 24,5 
12 0,0156 3´29´´ Ra= 2,67; Rz= 12,3 
13 0,008 4´54´´ Ra= 2,07; Rz= 9,09 
14 0,004 6´54´´ Ra= 1,78; Rz=9,67 
15 0,002 9´47´´ Ra =1,45; Rz=7,49 
4 
16 
Ball Mill 
ø3mm 
 
Cut Pattern: Zig Zag 
0,0313 1´38´´ Ra= 4,25; Rz= 21,6 
17 0,0156 2´17´´ Ra= 2,28; Rz= 10,7 
18 0,008 3´12´´ Ra= 1,77; Rz= 7,46 
19 0,004 4´31´´ Ra= 1,37; Rz= 6,77 
20 0,002 6´23´´ Ra= 1,10; Rz= 5,62 
5 
21 
CBN grinding stone ø2mm 
No stock material 
Cut Pattern: Zig Zag 
0,002 4´49´´ 
Ra= 1,22 
Rz= 6,86 
22 
CBN grinding stone ø3mm 
No stock material 
Cut Pattern: Zig Zag 
0,002 2´36´´ 
Ra= 2,65 
Rz= 11,9 
23 
CBN grinding stone ø2mm 
With 0,05 stock material 
Cut Pattern: Zig Zag 
0,002 4´49´´ 
Ra= 1,7 
Rz= 8,27 
24 
CBN grinding stone ø3mm 
With 0,05 stock material 
Cut Pattern: Zig Zag 
0,002 2´36´´ 
Ra= 1,13 
Rz= 6,51 
25 
Multi-edge milling tool ø3mm 
With 0,05 stock material 
Cut Pattern: Zig Zag 
0,002 24´ 
Ra= 1,10 
Rz= 5,78 
 
 4. Conclusions 
As a result of technological advances during the last decade, large-sized spiral bevel gears machining in general 
purpose machines is presented as an entirely feasible process. 
Analyze parameters such as machining time and the tool wear, allows having a base to decide which of the 
roughing milling paths evaluated is the most optimal.    
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In each of the different scallop heights evaluated (from 0,5 to 0,002 mm) for the same finishing milling path, 
roughness parameters (Ra and Rz) have been progressively improved until reaching values close to Ra = 1 μm and 
Rz = 5 μm. An improved quality leads to a higher machining time, for this reason it is important to know the final 
quality required by the customer.  
On the fourth set of machining teeth, with a smaller diameter finishing tool (ø2 instead of ø3), a better range of 
roughness was achieved due to include a semi-finishing operation.     
Machining using a Zig cutting strategy allows to obtain roughness parameters between 0,5 to 3 times lower than 
the machining using Zig Zag. On the other hand, Zig milling involves a higher machining time, but this extra time 
can be optimized.   
The feasibility of the air turbine as a finishing technology for complex spiral bevel gears will be evaluated. His 
constant high speed and torque allow machining the final teeth surface with special tools, like CBN grinding stone, 
with cutting speeds rates 2 or 3 times greater than with standard tapered ball end mill used in the other finishing 
cutting strategies.  
Through the use of this new technology, good roughness values were obtained. These roughness values could be 
higher if the air turbine was directly connected to the spindle nose by HSK CNC tool-holder instead of connected to 
an intermediate tool-holder, as in this case. This can lead to stiffness problems due to its great length. 
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